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We report experimental observation of the reentrant integer quantum Hall effect in graphene,
appearing in the N=2 Landau level. Similar to high-mobility GaAs/AlGaAs heterostructures, the
effect is due to a competition between incompressible fractional quantum Hall states, and electron
solid phases. The tunability of graphene allows us to measure the B-T phase diagram of the electron
solid phase. The hierarchy of reentrant states suggests spin and valley degrees of freedom play a role
in determining the ground state energy. We find that the melting temperature scales with magnetic
field, and construct a phase diagram of the electron liquid-solid transition.
Electrons confined to two dimensions and subjected
to strong magnetic fields can host a variety of fascinat-
ing correlated electron phases. One of the most widely
studied examples is the fractional quantum Hall ef-
fect (FQHE)[1–4], an incompressible liquid that emerges
when the lowest energy Landau levels (LLs) are partially
filled. However, the incompressible FQHE liquids are
not the only correlated phases that can emerge within
partially filled LLs and generically compete with the for-
mation of interaction-driven electron solids, such as the
Wigner crystal [5–8], and the bubble [9–18] and stripe
charge density wave states[9, 11, 12, 16, 17, 19].
In GaAs/AlGaAs heterostructures, the competition
between these different phases, particularly developed in
the N = 1 and 2 LL, gives rise to a reentrant integer quan-
tum Hall effect (RIQHE) [14, 20–23]. This is character-
ized by the emergence of vanishing longitudinal resistance
at fractional filling between the usual sequence of FQHE
states, but with Hall conductivity restored to the closest
integer value. Numerous experimental[10, 14, 24–26] and
theoretical studies[11, 12, 27] favor a collective origin for
the RIQHE where the emergent electron solid, formed
by electrons in the last partially filled LL, is pinned by
the underlying impurity potential and thus has the same
insulating response as individually localized electrons in
the integer quantum Hall effect. However, many of the
experimentally reported details, such as the relative en-
ergy scales between different RIQHE states and appar-
ent particle-hole asymmetry within a LL[14, 25] remain
poorly understood.
The universality of the integer and fractional QHE
found in a wide variety of high mobility 2D electron sys-
tems suggests that the formation of the electron solid
should be equally ubiquitous. However, observation of
the RIQHE has so far remained conspicuously limited to
GaAs heterostructures. In this Letter, we report experi-
mental observation of a RIQHE in monolayer graphene,
appearing near 0.33 partial filling of the N = 2 LL, to-
gether with weakly formed FQHE states at 1/5 in this
same LL. Our results are in excellent agreement with re-
cent theoretical calculations which suggest that the solid
phase is stabilized and dominates over the FQHE liquid
in graphene at these filling fractions[28–30]. The wide
tunability of the carrier density in graphene allows us to
map the evolution in both magnetic field and tempera-
ture of four distinct RIQHE states appearing within the
lower spin branch of the N = 2 LL. Comparing their melt-
ing temperatures reveals an unexpected hierarchy that
is consistent with a residual spin and/or valley symme-
try, indicating that the expanded degrees of freedom in
graphene play a role. For a single RIQHE we use the
melting transition to construct the first B-T phase dia-
gram of the bubble phase at fixed filling fraction.
Magnetoresistance measurements were performed in
electrostatically defined Hall bars of monolayer graphene
[31]. The heterostructures were prepared by a dry
layer assembly technique with edge-contacts [32], using
graphite flakes as both top and bottom gates (Fig. 1a).
In brief (see Supplementary Information for more detail)
the bottom gate spans the full width of the graphene
layer whereas the top gate is etched into the shape of
a Hall bar. The bottom gate is biased such that the
outer boundary of the device is maintained at the zero-
density charge neutrality point: because the ν = 0 state
in graphene state is gapped at moderate fields both in
the bulk and edge[33, 34] this acts as a depletion region.
The top graphite gate then acts as an accumulation gate,
and is used to define the carrier density away from ν = 0
in the Hall-bar shaped interior region of the device. To-
gether this enables realization of a an electrostatically
defined device (blue colored region in Fig. 1a).
Figure 1b shows the longitudinal (σxx) and Hall (σxy)
2a
 
6.0 7.0 8.0
0.00
0.05
0.10
6.7 7.2 7.8 8.3 8.9
Vtg (V)
σ xx
(e
2 /h
)
ν
6
7
8
σ
xy (e
2/h)
R6a R7bR7aR6b
b
31/5
34/5
36/5
39/5
Top Ga
te
VTG
ν= 0 VBG
Bottom
 Gate
graphen
e
ν= 0
FIG. 1. RIQHE in the N=2 LL of graphene. a, Schemat-
ics of the gate defined Hall bar device used in this experiment.
b, Longitudinal (left axis) and Hall (right axis) conductivity
as a function of the filling factor measured at B = 23 T and
T = 0.3 K. Greyed regions highlight the four RIQHE and
dashed vertical lines mark the four FQH states. Additionally,
dashed horizontal lines mark the nearest integer value where
the RIQHE is expected to quantized.
conductivity for the lower spin branch of the N = 2 LL
(6 < ν < 8), measured at B = 23 T and T = 0.3 K.
Four examples of the reentrant behaviour can be iden-
tified, which we label R6a and R6b for the first valley
branch and R7a and R7b for the other valley branch.
We note that only the R6a state is fully developed, with
σxy showing a quantized plateau at 6e
2/h, simultaneous
with a well developed minimum in σxx, where e is the
electron charge and h is Planck’s constant. For the re-
maining RIQHE states, where the Hall conductivity is
not fully quantized, the longitudinal conductivity shows
a large local maximum, consistent with previous obser-
vations in GaAs when the RIQHE states are not fully
developed [14, 20, 21, 24]. In addition to the RIQHE
states, we observe signatures of weakly developed FQHE
states at ν = 6 + 1/5, 6 + 4/5, 7 + 1/5, and 7 + 4/5 in
the form of σxx minima simultaneous with kinks in the
Hall conductivity (though not showing clear plateaus).
Similar FQHE states have been previously reported in
the third LL of ultra-high mobility GaAs/AlGaAs sam-
ples [13]. Finally, we note that there is a clear absence
of the 1/3 FQHE states, which are the dominant FQHE
states appearing in both N=0 and N=1 orbital branches
of monolayer graphene[35, 36]. Taken together these ob-
servations are in agreement with theoretical calculations
indicating that charge density order is favoured over a
Laughlin FQHE state at 1/3 filling in the N=2 LL, but
the FQHE is favoured at 1/5 filling (Fig. 2a as well as
Ref. 29).
Fig. 2a shows the theoretically calculated energy of
the electron solid and FQHE states, for magnetic fields
up to B = 27 T. The energies of the crystalline phases
have been calculated within the Hartree-Fock approxi-
mation, while those of the liquid FQH states have been
obtained with the help of the plasma sum rules [12, 29].
In addition, we take into account explicitly the present
experimental setup with metallic gates at a distance of 27
nm below and above the graphene sheet. They screen the
effective Coulomb interaction as a function of d/lB (see
supplementary information for further details), where d
is the distance between the gates, lB =
√
~/eB is the
magnetic length.
At all magnetic fields considered we find that the elec-
tron solid is theoretically favourable over a FQHE at 1/3
filling, but the situation remains reversed at 1/5 filling
with the FQHE state expected to be the ground state.
In Fig. 2b, we plot the evolution of the measured longi-
tudinal and Hall conductivity in the filling factor range
ν = 6 to 7, for magnetic field ranging from 11 T to 27
T. At B = 27 T we observe a well developed R6a but
only weakly developed R6b state, in addition to weakly
formed FQHE states at 1/5 and 4/5 fillings, consistent
with expectation. As we decrease the magnetic field the
R6b state quickly disappears. By contrast the more ro-
bust R6a varies in width but remains well quantized at
least down to 17 T. The observed electron-hole asym-
metry between the R6a and R6b is not anticipated by
theoretical calculations, instead we expect these to be
simple copies of each other [29, 30, 37, 38].
At lower magnetic fields, B = 11 T, an unexpected
behavior is observed near R6a, where the ν = 6 inte-
ger QHE features, i.e. the Hall plateau and zero longi-
tudinal conductivity, become extended and merge with
R6a features. This same behaviour is not observed near
the ν = 7 plateau, where instead, at this same field sig-
natures of the 6+4/5 FQHE state remain and the R6b
features have simply disappeared, giving way to an elec-
tron liquid. We interpret the extended ν = 6 plateau to
indicate that in this field range, an electron solid state
also exists near 1/5 filling. This is not in agreement with
the calculations shown in Fig. 2a and so the origin of
this behavior is uncertain. We note that a similar tran-
sition of the electron solid as a function of magnetic field
has been observed in the GaAs/AlGaAs quantum well
system for the lowest LL when measured at different car-
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FIG. 2. Magnetic field dependence of the electron
solid phase. a, Numerical calculation of the energy as a
function of filling for Laughlin and electron solid states in the
N = 2 LL for different d/lB ratio, where d is the distance to
the metallic gates. The Laughlin states are represented by
crosses while the one-electron and two-electron bubble phases
are represented by solid and dashed lines, respectively. b,
Longitudinal (right) and Hall (left) conductivity as a function
of filling factor for selected magnetic fields measured at 0.3
K. Dashed lines mark the presence of FQH states and greyed
regions highlight the two RIQHE. Curves are vertically shifted
for clarity.
rier densities [39]. In that study it was argued to be a
quantum well width effect. However this is unlikely in
our case since electrons are confined to a single atomic
layer. We conjecture that in the low field limit an ad-
ditional impurity potential may favor the electron solid
phase over the FQHE near 1/5 filling. Indeed, allowing
for local deformations of the lattice, an electron solid can
profit more efficiently from the impurity potential than
the incompressible FQH states [12], theoretically invert-
ing the relative ground state energies. The onset of this
behavior in the low B limit could reflect a competition
between the Coulomb and impurity energy scales. We
FIG. 3. Broken valley symmetry for the RIQHE of
graphene. Longitudinal resistance as a function of filling
factor and temperature, measured at 23 T, for the lower spin
branch of the N = 2 LL.
note also that we generally observe the reentrant state to
become better developed with successive cool-downs (see
Supplementary Information). Assuming that disorder in-
creases after a thermal cycle, this observation would be
consistent with disorder playing a role in stabilizing the
RIQHE state.
Finally, we consider the temperature dependence of the
RIQHE states. The critical temperature (Tc), where the
electron solid undergoes a phase transition and melts into
an electron liquid [14, 25], provides a convenient estimate
of the energy scale associated with the solid phase. Fig.
3 shows the longitudinal resistance versus temperature
for filling fractions ν =6 to 8, measured at B = 23 T.
The four RIQHE states, R6a, R6b, R7a and R7b, identi-
fied in this plot by a resistive peak (red) appear to melt
at different critical temperatures. The qualitative trend
in the apparent melting temperatures shows a relative
hierarchy with TR6ac > T
R6b
c , while T
R7a
c < T
R7b
c . This
difference in the a and b instances of the RIQHE suggest
that the two states are not related by electron-hole sym-
metry within a single spin-valley branch. This result is
unexpected[25], since spin and valley degrees of freedom
are not anticipated to play a role and the two RIQHE
states are instead expected to be merely two spin copies
of the same state, with identical melting temperatures.
We note that due to the elevated magnetic field (23 T)
it is not possible for us to access the upper spin branch
using the top gate. However, the hierarchy is sugges-
tive, appearing symmetric at least across the entire spin
branch. This symmetry reflects a similar hierarchy iden-
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FIG. 4. Temperature dependence of the electron solid phase. a, Longitudinal and Hall resistance as a function of
filling factor and temperature for the R6a and R6b reentrant states, measured at 27 T. White dashed boxes mark the FQH
state ν = 6 + 1/5 and ν = 6 + 4/5. Gray dashed lines indicate boundaries, using parabolic function Tc(ν¯) = Tc(ν¯c)−β(ν¯− ν¯c)2
for each RIQHE, consistent with [25]. b, line cut at ν = 6.35 for Rxx (left axis) and Rxy (right axis) at 27 T. c, B-T phase
diagram of the R6a state, dashed red line is the linear fit, dashed blue line is the square root fit.
tified in the FQHE states of the N = 1 LL of monolayer
graphene[40–42], where it has been suggested that spin
and valley degeneracies are only partially lifted, and an
approximate SU(2) or SU(4) symmetry is preserved for
the composite Fermion ground states. Our observation
of a similar hierarchy in the RIQHE of the N = 2 LL
suggests that similarly these degeneracies may be only
partially lifted, and moreover, this order plays a role in
the ground state energy of the solid phase as well.
Fig. 4a,b shows high resolution maps of the tempera-
ture evolution of longitudinal and Hall resistance for the
R6a and R6b, acquired at B = 27 T. The R6a state is suf-
ficiently well developed that we can quantitatively study
its phase boundary. As the temperature is reduced, the
resistance peak associated with R6a state splits, while
the reentrant Hall plateau grows wider in ν. The filling
fraction boundary of both features follows an approxi-
mate parabolic shape, similar to what has been reported
in GaAs[25].
Fig. 4b shows the temperature dependence of Rxx and
Rxy acquired at ν = 6.35, where the melting temper-
ature is a maximum. As the temperature is lowered,
Rxx increases to a maximum and then decreases, while
Rxy increases from its classical Hall effect value to quan-
tized integer QHE level. Following Ref. 25, we take the
temperature where Rxx is maximal to define the melting
temperature Tc, of the solid phase. At 27 T, the R6a
state has a Tc of about 1 K.
Extracting the melting temperature of R6a at differ-
ent magnetic fields, we construct a B-T phase diagram,
shown in Fig. 4c. The melting temperature decreases
as the magnetic field decreases. The electron solid state
is driven by Coulomb interaction so a
√
B dependence
is expected [25]. On the other hand, a linear trend can
also be expected due to screening from the top and back
gates. This effect can be illustrated in the case of a
single gate at a distance d/2 from the graphene layer,
where the mirror charge creates a dipole and the interac-
tion becomes dipolar at long distances (see supplemen-
tary information). The energy scale Ec = e
2/4pilB ∝√
B (Coulomb) thus needs to be roughly replaced by
Ed = (e
2/4pilB) × (d/lB) ∝ d × B (dipolar). Natu-
rally, one expects the effect to saturate in the large d/lB
limit, where the dipolar interaction is no longer justified.
However, our measurement is made in an intermediate
regime, where this expansion remains well justified. Over
the field range where we can resolve the RIQHE the lin-
ear and square root fit equally well and we are unable to
discriminate these dependencies. Further study is needed
to resolve these differences.
In conclusion, we have observed RIQHE in the N = 2
LL in graphene. The magnetic field evolution of states
suggests a crossover of the energy competition between
electron liquid and solid states. The temperature de-
pendence of the states indicates a surprising hierarchy
between the RIQHE states consistent with an approx-
imate SU(2) or SU(4) symmetry being preserved. We
have extracted the onset temperature and constructed
the B-T phase diagram of the electron solid state. Our
work opens the door of RIQHE study in a new, tunable
material system, which contributes to the understanding
of electron solid state in quantum Hall systems.
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